Summary: Alterations in local CBF (LCBF) were as sessed autoradiographically in the rat at several time points following photochemically induced cortical infarc tion, Cortical infarction of consistent size and location was produced by irradiating the brain with green light through the intact skull for 20 min following the systemic injection of rose bengaL A consistent pattern of altered LCBF was recorded in both ipsilateral and contralateral brain regions over the course of the study, At 30 min, a severely ischemic zone surrounded by regions of cortical hyperemia was apparent. LCBF was also depressed rel ative to control values in ipsilateral cortical regions re mote from the irradiated area, while contralateral cortical structures were mildly hyperemic, By 4 h, the zone of severe ischemia had enlarged and its margins were no longer hyperemic. Ipsilateral cortical and some subcor-
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bral ischemia, as well as difficulties in achieving chronic animal survival, are two shortcomings of available models. Variability of infarct size has in hibited the detailed analysis of the early hemody namic alterations characteristic of brain regions destined to undergo necrosis, lie within the border zone area, or escape permanent damage. Such data would provide important information concerning the pathophysiology of infarct formation and mech anisms responsible for remote effects following focal injury.
Recently we have developed in the rat a repro ducible model of cortical infarction initiated by in travascular thrombosis (Watson et aI., 1985) . Thrombosis is triggered in the cortical vasculature by a photochemical reaction between systemically injected rose bengal dye and an excitation beam of green light transmitted through the intact skull. Ul trastructural studies have demonstrated that pho tochemically induced endothelial damage is fol lowed by marked platelet aggregation that results in cortical microvascular stasis (Dietrich et aI., 1984) . The size and location of the resulting infarct are entirely dependent upon externally regulatable variables such as the wavelength and intensity of the exciting light and the duration of irradiation. Additionally, the lack of subcortical involvement fa cilitates long-term survival; this allows both acute and chronic studies to be carried out.
In the study reported here, local CBF (LCBF) was determined autoradiographically to document the acute and subacute hemodynamic effects asso ciated with unilateral cortical infarction. In partic ular, we examined the time course of flow changes that occur within the region of an evolving infarc tion as well as in brain regions remote from the primary site of injury. These data reveal a progres sive increase in the nonperfusible ischemic zone as well as a late decline in CBF in the contralateral cerebral hemisphere-a finding that is consistent with clinical investigations.
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Photochemical induction of thrombotic stroke
The experiments were performed on 30 male Wi star rats weighing between 250 and 300 g. On the day of the experiment, anesthesia was induced in all animals with 3% halothane for 3-5 min; animals were then maintained on 2% halothane in a 70/30 mixture of nitrous oxide and oxygen for �45 min during the subsequent preparatory steps and irradiation procedure. Rats to be studied at 30 min following irradiation underwent femoral artery and vein cannulation prior to irradiation, whereas tail vein catheters were inserted in all other animals. The scalp was next incised and retracted to expose the skull. The coordinates of that portion of the calvarium to be irra diated were stereotaxically determined, and a 4 x 6 mm optical aperture made of brass shim stock was mounted onto the skull by strips of white reflection tape. The rat's head was next positioned beneath a vertically mounted xenon arc lamp at the beam focus.
An aliquot of 7.5 mg/ml saline solution of rose bengal (MW 1,018) was injected intravenously (0.133 ml/100 g rat weight) over a 1.5-min interval. A complete descrip tion of the irradiation apparatus has been previously pub lished (Watson et aI., 1985) . The arc lamp irradiation system produces a spectrally filtered beam centered at 560 nm (near the absorption maximum of rose bengal) with a bandwidth of 60 nm. To prevent heat-mediated tissue damage, the irradiated skull surface was cooled with an axially mounted, high-speed dual-fan system with 240 ft3/min capacity. Rat body temperature was main tained at normal levels with a heat pad.
Following 20 min of irradiation, animals were allowed to survive for 30 min, 4 h, 5 days, or 15 days prior to an autoradiographic determination of LCBF (Sakurada et aI., 1978) . Rats to be studied 30 min post irradiation were immediately tracheostomized, immobilized with d-tubo curarine (0.05 mg i.p.), and ventilated on a respirator. Halothane was discontinued 20 min prior to the CBF study. In all other rats, the head wound was sutured fol lowing the irradiation period and the tail vein catheter removed. These rats were then allowed to recover from the effects of anesthesia and surgery. At 45 min before the CBF study, anesthesia was induced with 3% halo thane, and animals were tracheostomized, immobilized with d-tubocurarine, and ventilated mechanically with 1.5% halothane in a 70/30 mixture of nitrous oxide and oxygen for �25 min while femoral arterial and venous catheters were inserted. Tw enty minutes before the au toradiographic study, halothane was discontinued. Res piration was regulated to obtain normal values of Po2, Peo2, and pH. Control animals underwent all surgical procedures and were either irradiated for 20 min fol lowing the injection of saline or injected with rose bengal but not irradiated. These animals were then allowed to survive for time periods of 30 min, 4 h, or 5 days, periods similar to those in the experimental series. To summarize, animals studied at 30 min received a prolonged (�60 min) continuous exposure to halothane until 20 min prior to the LCBF study. In contrast, the animals studied at later time points had an anesthesia-free interval of at least 3 h followed by a short period of reanesthesia (25 min) in preparation for the LCBF study.
Autoradiographic method of LCBF
In animals to be studied by the autoradiographic method, 30 f..l Ci of the radiotracer [14Cliodoantipyrine (specific activity 40-60 mCi/mmol; New England Nu clear) dissolved in 1 ml isotonic saline was infused intra venously at a constant rate over 45 s via a Harvard in fusion pump. Arterial blood was sampled at 2-s intervals from the tip of a freely flowing femoral arterial catheter. The catheter was occluded by a pedal-operated solenoid device between samples, and the catheter dead space cleared briefly prior to each sample collection. Samples were collected in precalibrated 20-f..l 1 capillary pipets. Studies were terminated by decapitation with an air driven guillotine. Brains were then quickly removed from the skull and frozen by suspension over liquid nitrogen. For preparation of the autoradiograms, the brains were warmed in a cryostat to -20°C, and coronal sections (20 f..l m in thickness) were prepared in quadruplicate at 600-f..l m intervals. Dried sections, together with precalibrated [14Clmethylmethacrylate standards (Amersham), were exposed to Kodak SB-5 x-ray film for 10 days. Quanti tative densitometry was performed by means of an au tomated digitizing densitometer (Optronics) interfaced to a PDP-11/44 minicomputer and image processor (Grinnell Systems) that displayed and quantitated LCBF. Region of-interest analysis was carried out by means of a square cursor of user-definable size placed over areas of interest. Arterial blood samples were dried on filter paper and counted for 14C activity in a naphthalene/dioxane scintil lation medium in a Packard Tr icarb counter along with 14C external standards that were used to correct for quenching. LCBF was calculated as described previously (Sakurada et aI., 1978) .
Microscopic examination of perfusion-fixed brains
In a separate series of four animals, the distribution of histopathological changes within the neocortex was plotted utilizing camera lucida drawings obtained from stained coronal sections. Perfusion fixation was carried out 5 days following photochemically induced cortical in farction. Perfusion was begun with isotonic saline deliv ered under a constant pressure of 100-120 mm Hg for 15 s. The perfusate was then switched to a mixture of 40% formaldehyde, glacial acetic acid, and absolute methanol (FAM), I: 1:8 by vol. The rats were decapitated following perfusion and heads immersed in FAM at 4°C for 24 h. The brain was next removed from the skull, reimmersed in FAM at 4°C for an additional 24 h, and then transferred to 70% methanol to await processing. Brains were em bedded in paraffin, and 6-to 7-fLm sections were obtained either in serial fashion or at 25-fLm intervals. These sec tions were stained with hematoxylin and eosin for histo pathological study.
Statistical analyses
Physiological and autoradiographic data were analyzed by one-or two-way analysis of variance, and statistical significance assessed by Scheffe' s S test and Dunn's mul tiple-comparison procedure (Kirk, 1982) .
RESULTS
The physiological variables recorded just before the administration of the radioactive tracer are sum marized in Table l . Arterial plasma glucose was 164 ± 34.04 mg/dl (SD) in preirradiated rats. There were no significant differences between control and experimental groups.
Control rats
LCBF in sham-operated control animals was de termined in 25 anatomically discrete brain regions both ipsilateral and contralateral to the site of ir radiation. Control animals undergoing irradiation without rose bengal infusion or receiving rose bengal alone demonstrated consistently lower flow values at 30 min post irradiation (Table 2) as com pared with 4 h and 5 days (Table 3 ). This result was thought to be consistent with the previously docu mented effects of halothane anesthesia on CBF (Gjedde and Hindfelt, 1975) . Control values of LCBF were not significantly different between the other two time periods; the latter were therefore combined and used for comparison with all exper imental rats except those studied at 30 min (Table  3 ). The 30-min controls were used for comparisons with the 30-min experimental rats (Table 2 ). In con trol rats, CBF was symmetrical in all brain regions ( Fig. la-e) , and values obtained from 4-h and 5-day rats were consistent with those reported previously (Tamura et aI., 1981) .
Experimental rats
Thirty minutes following irradiation, autoradi ograms demonstrated a focus of reduced LCBF within the medial portion of the frontoparietal neo cortex underlying the irradiated skull (Fig. Ih) . In all animals, LCBF was extremely low within this focus «0.13 mIlg/min). Additionally, the central ischemic zone was surrounded by well-demarcated areas of mild-to-moderate hyperemia (Fig. Ih) .
Ipsilateral cortical regions ventrolateral, rostral, and caudal to the central ischemic zone also dem onstrated marked reductions in flow (Fig. Ig-i) . LCBF in these remote cortical regions differed sig nificantly from control values ( Table 2) . Alterations in CBF were also demonstrated in ipsilateral sub cortical structures including the striatum, hippo campus, and thalamus. No significant alterations in CBF were demonstrated in the cerebellum or brain stem at this early time period. Moderate increases in CBF were observed within the contralateral hemisphere (Table 2 ), but differences between con trol and experimental rats were not significant. These cortical alterations were widespread and not restricted to the homotopic cortical area contralat eral to irradiation.
At 4 h following irradiation, the area of severe cortical hypoperfusion had increased in size, and its margins were no longer hyperemic (Fig. 2c) . Cortical regions previously appearing hyperemic (at 30 min) were now incorporated into the central isch emic zone. The zone of severely reduced CBF ex tended down to the level of the subcortical white matter.
CBF within ipsilateral cortical areas remote from the irradiated zone remained depressed at 4 h (Table  3) . In contrast, significant depression of LCBF within subcortical brain structures was not dem onstrated at this time point, although in some in dividual animals areas of depressed CBF were ap- Asymmetrical patterns of CBF are also apparent in brain areas remote from the irradiated site. These include cortical (t, i) and subcortical areas, including ipsilateral striatum (9) and thalamus (h). Symmetrical pattern of CBF is apparent at level of cere bellum (j). Values are means ± SO, expressed as ml/g/min. Control values were obtained from two irradiated and two rose bengal injected rats. FrPaM, frontoparietal cortex, motor area; FrPaSS, frontoparietal cortex, somatosensory area; L, left cortex; R, right cortex. Lateral cortex refers to the cortical region lateral to infarcted tissue zone.
a Significantly different from controls in Table 3 , p < 0.01. h Significantly different from contralateral structure, p < 0.01, by two-way analysis of variance.
, Significantly different from control group, p < 0.0 I. by two way analysis of variance.
d Significantly different from controls in Table 3 , p < 0.05.
e Significantly different from control group, p < 0.05, by two way analysis of variance. parent ipsilaterally (Fig. 2b and c) . Contralateral cortical regions exhibited control levels of CBF (Table 3) .
At 5 days, the central zone of ischemia was sim ilar in shape and size to that observed at the 4-h time point (Fig. 2h) zone was sharply demarcated, a graded increment in flow could be demonstrated within the marginal zone itself. Blood flow in cortical regions ipsilateral to irradiation remained depressed compared with control values, while flow in subcortical structures was at control levels (Table 3) .
Compared with control values, LCBF within con tralateral cortical structures was depressed at 5 days for the first time (Table 3) . Decreased CBF was not restricted to the cortical region contralateral to the irradiated zone, but was widespread and in volved both the frontal and the occipital poles. Brainstem and cerebellar structures did not show significant differences in LCBF from control levels.
By 15 days, the focus of severe hypoperfusion appeared to have decreased in size, and LCBF readings within this region were elevated compared with earlier periods (Table 3) . Mild asymmetries were still apparent in some brain regions, with CBF being significantly depressed within the ipsilateral somatosensory, cingulate, and auditory cortices. At 15 days, CBF was no longer significantly depressed within any region of the contralateral cerebral hemi sphere. Although not significant, asymmetries in CBF within the cerebellar cortex were observed in three of the four rats studied at 15 days, with LCBF being slightly depressed within the contralateral cortex.
Neuropathology
In rats that were studied histopathologically 5 days following irradiation, a consistent pattern of cortical infarction was demonstrated. Figure 3 illus trates the distribution of cortical infarction. Sub cortical structures such as the striatum, hippo campus, and thalamus were not affected by this insult. Additionally, the lesion demonstrated con sistent rostral, caudal, and lateral cortical limits so that areas beyond the lesion borders from which LCBF data were obtained did not contain infarcted tissue; neurons, glia, and blood vessels appeared normal in these regions. Microscopic abnormalities of the infarcted cortical zone have been described in detail previously (Watson et aI., 1985) .
DISCUSSION
Previous clinical investigations have demon strated that the hemodynamic consequences of focal cerebral ischemia are not restricted to the pri mary site of injury (Kempinsky et aI., 1961; Hje1edt Rasmussen and Skinhje1j, 1964; Slater et aI., 1977) . Alterations in CBF may be quite diffuse and occur at variable intervals following stroke. Patients who have undergone repeated measurements of CBF ex-
FIG. 2. At 4 h following irradiation, asymmetrical patterns of CBF are observed throughout the irradiated hemisphere (a-e).
The focus of severe hypoperfusion (arrow in c) is larger than at 30 min. CBF is still severely depressed throughout the irradiated hemisphere, including cortical areas remote from the irradiated site (a, d). Mild asymmetries are still apparent in subcortical structures, such as the striatum (b). By 5 days (f-j), asymmetrical patterns of CBF are less apparent and CBF within the contralateral hemisphere is depressed for the first time (see Table 3 for quantitative data). Cortical region of severe hypoper fusion (arrow in h) is still well demarcated at this period. Values are means ± SD, expressed as mllg/min. Control values were obtained from two 4-h and two 5-day rats. For abbreviations, see Table 2 .
a Significantly different from control group, p < 0.01, by two-way analysis of variance. b Significantly different from contralateral structure, p < 0.01, by two-way analysis of variance.
C Significantly different from contralateral structure, p < 0.05, by two-way analysis of variance. d Significantly different from control group, p < 0.05, by two-way analysis of variance.
hibit not only flow changes within the ischemic hemisphere but also a progressive decline in CBF in the nonischemic hemisphere (Slater et al., 1977) . Although various mechanisms have been proposed to explain these remote blood flow alterations, ex perimental data are lacking. The present model of focal cerebral ischemia in the rat, produced by pho tochemically induced vascular thrombosis, pro vides a consistent lesion in which the hemodynamic consequences may be documented autoradiograph ically.
A focal area of severe ischemia was present 30 min following irradiation. This cortical region cor responded to that area underlying the irradiated skull. Reduced CBF in this region is a consequence of photochemically induced platelet aggregation (Dietrich et al., 1984) , which results in vascular congestion and stasis within the predetermined cor tical area .
The early zone of severe ischemia was consis tently bordered by a zone of increased LCBF. Within these regions, LCBF was either increased above control or similar to control but higher than that of surrounding regions. Increased CBF in or near regions of cerebral ischemia has been docu mented (Cronqvist and Laroche, 1967; HfiSedt-Ras mussen et al., 1967; Fieschi et al., 1968; Paulson, 1970; Heiss et al., 1976) . Yamaguchi et al. (197 1) demonstrated regions of cerebral hyperemia in cats within the territory supplied by an occluded middle cerebral artery (MCA) within 15 days of occlusion. The early hyperemia observed in the present study may represent a vascular response to tissue meta bolic acidosis (Lassen, 1966; HfiSedt-Rasmussen et al., 1967) . Anaerobic glycolysis is activated during periods of hypoxia or ischemia and results in a large increase in tissue lactate production (Eklof and Siesj6, 1972; Nilsson et al., 1975) . Unpublished findings from this laboratory have identified, by means of the carbon-black perfusion technique of microvascular filling, a high frequency of dilated vessels adjacent to the nonperfused focus.
Between 30 min and 4 h following irradiation, the zone of severe ischemia increased in size. Progres sive ischemia in the border zone of an infarct re sulting in the gradual increase in infarct size has previously been reported (Welch et al., 1973) . Pos sible mechanisms to account for progression of stroke include edema formation (O'Brien et al., 1974) , release of serotonin or thromboxane A2 from aggregating platelets (Welch et al., 1973; Hallen beck and Furlow, 1979) , and increased extracellular potassium (Wade et al., 1975) . Our laboratory has demonstrated blood -brain barrier alterations within the infarcting tissue as early as 30 min fol lowing irradiation . This results in the development of vasogenic edema, with water content increasing significantly by 2 h within this zone. Brain edema is known to play an important role in the pathophysiology of stroke (Klatzo, 1967; Schuier and Hossmann, 1980) , and in the present model may be causing secondary microcirculatory compression, resulting in the enlargement of the primary ischemic focus.
Additionally, because platelet aggregation is an early event in this model of cortical infarction, both serotonin and prostaglandin released from the pri mary sites of injury may play a major role in the progressive reduction of CBF. Serotonin is known to be a potent cerebral vasoconstrictor (Raynor et al., 196 1; Karlsberg et al., 1963) , and is released from aggregating platelets (Welch et al., 1972; Sam uelsson et al., 1976) . Increased levels of serotonin within the cerebrospinal fluid of patients early after the onset of cerebral infarction have been docu mented (Meyer et al., 1974) . It is possible that platelet aggregation in this stroke model results in a large accumulation of serotonin within the central ischemic zone, which then causes secondary va soconstriction within the adjacent tissues. Further more, because platelet aggregation in response to endothelial damage appears to initiate the vascular congestion apparent in this model (Dietrich et al., 1984) , an increased production of thromboxane A2 within the irradiated zone may also be occurring. Thromboxane A2 is a potent platelet aggregator and vasoconstrictor (Needleman et al., 1976; Ellis et al., 1977) and therefore could, like serotonin, produce a progressive decrease in blood flow to adjacent as well as remote tissues.
Halothane anesthesia is known to have hemo dynamic effects and is most likely responsible for the widespread depression of CBF observed in our 3D-min animals ( Table 2) . Experimental investiga tions have demonstrated that halothane in combi nation with N20 or oxygen can produce a progres sive decrease in CBF (McDowall and Harper, 1965; Raichle et al., 1970) . This decrease appears to follow an initial increase (Gjedde and Hindfelt, 1975) , which may occur within the first few minutes of halothane inhalation (Albrecht et al., 1977) . In the present investigation, 3D-min rats were main tained on halothane following the irradiation period during preparation for the auto radiographic study, whereas all other animals had a halothane-free in terval of at least 3 h following irradiation prior to being reanesthetized for the blood flow study. The prolonged period of halothane anesthesia just prior to the LCBF study in the 30-min group may account for the depressed LCBF values observed in these animals. Alterations in CBF were demonstrated as early as 30 min in ipsilateral brain structures remote from the cortical region destined to undergo infarction. Numerous clinical studies have shown that fol lowing an ischemic insult, mean LCBF is reduced within the involved hemisphere (Fieschi et al., 1969; Paulson, 1970; Skinhjll j et aI., 1970) . Due to the lack of histopathological correlates in most cases, it is not known whether decreased CBF is restricted to the site of pathological damage or oc curs more widely. Experimental animal models of stroke combined with autoradiographic techniques for determining regional CBF have been utilized re cently to document these relationships (Tamura et aI., 198 1; Tyson et aI., 1984; Hossmann et aI., 1985) . Tamura et ai. (198 1) demonstrated moderate re ductions in CBF outside the territory of the MCA 30 min following occlusion in the rat. In the present study, in addition to remote cortical changes, al tered CBF levels were identified within specific subcortical structures in the absence of pathological change�. Mechanisms proposed to explain such re ductions in blood flow include transneuronal
depression (HjIledt-Rasmussen and Skinhjll j, 1964) and the release of vasoactive agents from the isch emic cerebral tissue Kogure et aI., 1974; Zervas et aI., 1974) . Remote depression of LCBF has been consistently documented at iso lated time points following focal injury, but has yet to be studied serially in an experimental stroke model. Serial studies would appear to be crucial to establish whether more than one mechanism is in volved in this phenomenon.
Reduced CBF in the contralateral hemisphere was a late event in the present study. This effect was first observed at 5 days following irradiation and followed earlier ipsilateral changes in CBF (Fig.  4) . Impairment of CBF in the hemisphere contra lateral to infarction is known to be associated with acute hemispheric cerebral infarction (Kempinsky et aI., 1961; HjIledt-Rasmussen and Skinhjll j, 1964; Meyer et aI., 1970; Slater et aI., 1977) . This phe nomenon appears not to be an early event, but rather a process that evolves during the first week of stroke (Reivich et aI., 1977) . Experimentally, Ta mura et al. (198 1) have reported alterations in CBF within the opposite hemisphere as early as 30 min following MCA occlusion, whereas other studies have not demonstrated such an effect (Yamaguchi et aI., 197 1) . In the present study, depressed CBF within the contralateral hemisphere was not re stricted to the contralateral mirror focus of the de veloping infarct, but was apparent throughout the contralateral cortex. If transneuronal depression of structurally unaffected regions was a primary mech anism by which these alterations were produced (HjIledt-Rasmussen and Skinhjll j, 1964) , one might expect these changes to be restricted to the contra lateral homotopic foci. This assumption is compli cated by the fact that altered flow patterns in the ipsilateral cortex were widespread and not confined to the primary injury site.
Recent clinical studies have demonstrated alter ations in both CBF and cerebral metabolism in the contralateral cerebellar cortex following supraten torial infarction (Baron et al., 1981; Martin and Raichle, 1983) . The phenomenon of "crossed cer ebellar diaschisis" appears to be the result of inter ruption of functional neural pathways connecting the cerebral cortex to the contralateral cerebellar cortex (Baron et al., 198 1) . The corticopontine bundle originates in the sensorimotor cortex (Brodal, 1978) . Martin and Raichle (1983) have ob served that crossed cerebellar diaschisis occurs more commonly following cerebral infarction of the frontal lobe than following parietooccipital infarc tion. In our study, the cortical lesion involved most of the parieto-occipital cortex but spared the frontal area. Mild asymmetries in cerebellar blood flow were documented at 15 days in three of four rats. Future studies in which the site of the infarct will be moved to a more frontal position may demon strate the role of lesion location in the generation of cerebellar abnormalities.
In summary, we have documented a reproducible sequence of hemodynamic alterations occurring both ipsilateral and contralateral to experimentally induced cortical infarction. These data reveal pat terns of altered CBF occurring first in areas near the evolving infarct and then spreading to more re mote sites. In the companion article (Dietrich et aI., 1986) , we explore the relationships between these hemodynamic changes and the occurrence of wide spread metabolic dysfunction following focal cere bral infarction.
